Introduction
In recent years, cell-free protein synthesis (CFPS) evolved into a promising alternative to cell-based protein expression systems. [1] [2] [3] [4] CFPS is based on cell extracts -the required cellular tools are applied for in vitro protein synthesis. The absence of cell walls leads to an open system allowing continuous monitoring and specific adaptation of the reaction parameters. Additionally the introduction of non-canonical amino acids enables production of proteins with completely new biochemical properties. [5] [6] [7] [8] Moreover, many metabolites and protein products are toxic to living cells or induce toxic effects in higher concentrations. For instance, the expression of the pharmacologically relevant membrane proteins causes severe problems in vivo, such as toxic effects due to system overload by transport and pore forming activities and membrane destabilization. 9 However, membrane proteins, [10] [11] [12] [13] [14] [15] [16] cytotoxic proteins 17, 18 and further "otherwise difficult-toexpress" proteins can be produced efficiently with cell-free systems. In summary, CFPS has enormous potential for pharmacological applications, [19] [20] [21] [22] [23] protein evolution 24 and structural and functional proteomics. 25 The whole process of CFPS was optimized in the pastespecially at the biochemical level -in terms of higher yields and functional protein activity, [26] [27] [28] but also special reaction modes and formats were developed. In general, CFPS is nowadays performed in two ways: 1) the coupled system: transcription (TK) and translation (TL) are performed simultaneously in the same reaction compartment, or 2) the linked system: TK and TL are performed consecutively and are separated physically. The linked system enables optimal adaption of the reaction conditions for TK and TL and optimal yields of active proteins. Furthermore there are different formats for in vitro translation. The simplest format is the batch reaction, where all components are simultaneously combined in one reaction vessel. As an alternative there are other formats: the continuous flow cell-free translation system and a simpler dialysis version -the continuous exchange cell-free system. Both allow longer reaction times, and thus higher yields, due to the permanent removal of low-molecular weight byproducts inhibiting the reaction and a permanent feeding with substrate and energy sources. [29] [30] [31] [32] However, short reaction times, low protein yields and high reagents costs remain limitations of CFPS. The short lifetime of mRNA is caused by hydrolysis and nuclease digestion and is still a drawback of CFPS. Translation of immobilized mRNA was previously performed to stabilize the labile RNA against nucleases, but this method resulted in much lower protein yields compared to TL of free mRNA. 33, 34 Novel automated modular microfluidic systems with integrated sensors for online monitoring and regulation of relevant process parameters could allow a continuous, controlled and resource-conserving CFPS. The presented microfluidic TRITT platform fulfills the precondition for such a modular micro-reactor: the active transfer of the product of transcription (RNA) from the TK to a separate TL compartment, where the RNA serves as template for protein synthesis, is realized in an automatable manner. In this way the TRITT platform allows a novel reaction mode -called TRITT mode for "Transcription -RNA Immobilization & Transfer -Translation" (Fig. 1) . Since TK and TL are performed in separate reaction compartments, the biochemical requirements can be addressed individually. Thus the new reaction mode is similar to the linked mode, but in the TRITT mode TK and TL can be performed at the same time and transcription is not inhibited or terminated by RNA transfer. Furthermore the transfer of RNA can be started right at the beginning of transcription, which is time saving. The TRITT concept should be compatible with all reaction formats described above. For instance a combination of the presented TRITT platform with the dialysis format for translation would allow renewal of energy and substrates and removal of by-products by dialysis and simultaneously optimal conditions for TK and TL as well as feeding with new RNA, both enabled by the TRITT mode. This combination would lead to longer reaction times under optimal conditions. To our knowledge the novel TRITT mode enables for the first time automated CFPS in a modular reactor with continuously optimal synthesis conditions simultaneously for the reaction steps TK and TL. Moreover, the quasi-continuous transfer of RNA to the TL compartment compensates the problem of RNA degradation and hydrolysis.
Materials and methods
Device design and fabrication Fig. 2 gives an overview of the microfluidic device for cell free protein synthesis. The microfluidic pattern ( Fig. 2A and B ; Fig. S1 †) was micro-milled into 1.55 mm high amorphous thermoplastic Cyclic Olefin Copolymer COC (TOPAS 6013-S04) substrate using the Datron M7 milling machine with 0.3-1 mm cutters. Drilled access holes enabled fluid connection. To form a fluid-tight microfluidic device with homogenous surface properties, the patterned substrate with the rectangular channels (500 μm wide and deep), reaction chambers (height 500 μm; area of TK chambers: 29.5 mm 2 , of elution chamber: 8 mm 2 , of TL chambers: 59.4 mm 2 ) and access holes was permanently bonded to a 135 μm thick COC foil (TOPAS 6013) as cover plate ( Fig. 2A) by thermal bonding technique. In detail, thermal bonding was performed at 138°C and 2-5 kN using a modified vacuum wafer bonder AML AWB-04. Steel cannulas were glued into access holes, and silicone tubing was slipped over the cannula for fluid connection. Fluid actuation was finally realized by pressure differences caused by syringe pumps. Other access holes served as filling ports for fluid application with a pipet tip. The micromilled microfluidic COC walls were modified by a coating with a low-viscosity solution with a fluoro-acrylate-polymer dissolved in the organic solvent hydrofluoroether (Certonal FC-742, Nordson Deutschland GmbH). Flushing with the dissolved fluoro-acrylate-polymer leads to deposition of a dry, transparent, oleophobic and hydrophobic film adhering to the microfluidic walls through intermolecular interactions and modifying surface properties such as roughness, surface tension and surface charge. Process temperatures were controlled by integrated thermal sensors (PT1000 or Microchip TC1047A) and actuators, such as heating pads (RS 245-499; 12 V, 1.25 W) and thermal resistors (1206 100R; 2 in parallel), mounted on heat spreaders of aluminum ( Fig. 2A and C) . Three temperature zones are realized on the chip: 37°C for transcription chambers, 70°C for the elution chamber and 27°C for the translation chamber (Fig. 2B) . Homogeneity of the heating over the surface was verified by IR thermography (IR-Cam SC6000). Air slots were drilled around the elution chamber to ensure proper heat insulation between the different temperature zones (verified by IR thermography). For the manipulation of the RNA transferring magnetizable particles in the microfluidic platform, a permanent magnet with a cone-shaped add-on piece ( Fig. 2A) was mechanically moved using a motorized x-yĲ-z) stage. The add-on piece was required to focus the magnetic field of a 10 mm 3 cubical
NdFeB permanent magnet (Br -13 000 gauss). To design the geometry of the magnetic device, the magnetic flux density around the device was calculated using the finite element method (FEM) software ANSYS (version 14.5).
Device operation
After rinsing the microfluidic structures with DEPC (diethylpyrocarbonate) treated water, the chip was placed upon an apparatus for magnet movement -the motorized xyzpositioning system (Fig. S2 †) with the magnetic device tip less than 1 mm underneath the thin cover plate of the microfluidic chip. The thermal actuators (1206 100R or RS 245-499) were connected to their driving circuit of a microcontroller operated control unit, which was designed and fabricated inhouse: temperatures were feedback-controlled using the integrated sensors (PT1000 or Microchip TC1047A). The syringes were attached to the channels with the tubing. All syringes were actuated using a syringe pump array developed in-house that was controlled by a LabVIEW program. The buffers and solutions were filled in the compartments of the chip with the syringe pumps or a pipette tip, and the filling ports were closed.
The microfluidic TRITT platform for Transcription -RNA Immobilization & Transfer -Translation works as follows: functionalized magnetizable particles immobilize the mRNA synthesized in the TK compartment. In the first run, the TK mixture was pumped and the particles of the first TK chamber were transferred to the washing and elution chamber. The TK mixture was pumped back to the TK compartment and the particles were conditioned using washing buffer. Washing removes residuals of the TK mixture and prepares the particles for elution. mRNA was removed by temperature (70°C) and low salt driven elution. The mRNA was pumped to the TL compartment and mixed with the TL mixture. During the transfer process, the temperature of the mRNA containing eluate dropped to RT avoiding denaturation in the TL mixture. Finally the particles were transferred back to the first TK chamber. In the following runs, the same procedure was repeated with the particles in the second and the third TK chamber and the first chamber again and so on. During transfer of the particles of the other chambers, mRNA is again immobilized to the particles in the resting chamber.
The precise chip operation is illustrated in Fig. S3 . †
Generation of DNA templates for in vitro TK
Linear DNA templates were generated by two-step Expression PCR (E-PCR) 35 using the Easy Express Linear Template Kit PLUS (Qiagen) according to the manufacturer's instructions. Theoretical product sizes were calculated in silico, and the PCR products were analyzed by gel electrophoresis. The bands of the products appeared at their expected sizes (data not shown). For generation of eYFP and Pierisin templates suitable for in vitro TK, the coding sequences of eYFP and Pierisin were amplified in the first PCR step by using eYFP-specific primers x-eXFP-F and x-eXFP-R and the Pierisin-specific primers xPierisin-F and x-Pierisin-R (all primer sequences are listed in Table 1 ). In the second PCR step the adapter primer no taq sense primer and no taq antisense primer were used to add regulatory elements for cell-free protein synthesis as well as a specific hairpin structure for stabilization against ribonucleases to the eYFP gene and the Pierisin gene.
For fusion of eYFP with the appropriate IRES elements, the coding sequence of eYFP and the IRES sequences were amplified separately in the first PCR step: eYFP was amplified by using the gene-specific primers eYFP-F (ATg gTg AgC AAg ggC gAg gAg) and x-eXFP-R. IRES elements were amplified by using the primers x-KSHV252-F and either R-KSHV252Ĳ+s)-oe-eYFP or R-KSHV252Ĳ−s)-oe-eYFP. In the second PCR step the genes were fused to each other and the adapter primers no taq sense primer and no taq antisense primer harboring the previously described functional elements were added.
Alternatively, DNA templates were linearized by EcoRI restriction nuclease treatment of the vector pIX3.0-eYFP or pIX3.0-Luc.
Preparation of standard insect cell lysates
CFPS was performed in translationally active lysates derived from cultured Spodoptera frugiperda (Sf21) cells. The Sf21 cells were grown in fermenters in a chemically defined, serum-free medium under well-controlled conditions for optimal cell-growth: temperature (27°C), air flow, oxygen, carbon dioxide and cell density were permanently controlled. At a cell density of approximately 5 × 10 6 cells per mL the Sf21 cells were collected by centrifugation and translationally active lysates were prepared as previously described by Sachse et al.
36
Cell-free protein synthesis
The cell-free system was operated in the linked transcriptiontranslation mode and in the novel modified linked mode (TRITT mode), respectively. In the linked mode, TK and TL are performed successively and were separated physically by an mRNA purification step. 13 In the TRITT mode, TK and TL are also performed in two compartments but at the same time, and mRNA is continually transferred to the TL compartment using functionalized particles. In this study the linked procedure was performed manually in standard reaction vessels using thermo mixers (comfort, Eppendorf) for temperature control. mRNA synthesized during in vitro TK was purified immediately following TK. Therefore, DyeEx spin columns (Qiagen) and alternatively functionalized magnetizable particles were used for mRNA purification prior to in vitro TL. In contrast, a microfluidic device was developed to enable solely the novel TRITT mode. The microfluidic TRITT platform controls the process temperatures by integrated thermal sensors and actuators. The continual mRNA transfer is realized by immobilization of mRNA to magnetizable particles during TK and softwarecontrolled magnetic actuated particle transfer and fluid flow to the TL compartment.
The same reaction mixtures were used for both modes of transcription-translation procedure. In vitro TK was performed as described previously 17 using T7 polymerase (polymerase and buffer from Agilent, nucleoside triphosphates from Roche). The mixture was incubated for 2-19 h at 37°C. For in vitro TL, the translationally active Sf21 cell lysate (40% v/v) containing ribosomes, soluble enzymes, tRNAs and translation initiation and elongation factors was supplemented with mRNA (>200 ng μL −1 ), canonical amino acids (200 μM), energy sources (1.75 mM ATP, 0.45 GTP) and an energy regenerating system (20 mM creatine phosphate and 100 μg mL −1 creatine kinase). For protein labeling and quality control by incorporation of non-canonical amino acids, 14 C-labeled leucine (GE Healthcare) and Bodipy-TMRlysine (from RiNA GmbH; 2 μM final concentration) were added to the reaction mixtures. The mixture was incubated for 1.5 h or 2 h at 27°C.
Determination of RNA and protein yields and quality control
The yield and purity of in vitro transcribed mRNA was analyzed spectrometrically (NanoDrop 2000c or SpectroStar Nano) prior to mRNA application for immobilization or in vitro translation. The mRNA was additionally analyzed by agarose gel electrophoresis. All products were detected as homogenous bands showing the expected size (data not shown).
The amount of active in vitro translated eYFP was quantified by fluorescence analysis. Samples were diluted 1 : 5 in phosphate buffered saline (PBS without Mg 2+ and Ca 2+ , Biochrom AG), transferred to 18 well μ-slides (from Ibidi), and eYFP fluorescence was determined using a fluorescence scanner (Typhoon Trio + Imager, GE Healthcare) with an excitation wavelength of 488 nm. The analysis software "ImageQuant TL" was used for relative quantification of eYFP by comparison of the arbitrary fluorescence units in the digitalized images. SDS-PAGE migration of de novo synthesized proteins was analyzed by subjecting 5 μL samples of the translation mixture to cold acetone precipitation. Precipitated proteins were resuspended in 20 μL sample buffer (NuPAGE® LDS Sample Buffer, Invitrogen) and loaded on pre-casted NuPAGE® 10% Bis-Tris polyacrylamide gels (Invitrogen). Separation was performed at 180 V for approximately 45 min. Finally the labeled proteins were visualized using the Typhoon Trio + Imager System (GE Healthcare).
Functionalization of magnetic particles and elution of RNA
Newly designed biotinylated hybridization oligonucleotides (HybOligos) were coupled to streptavidin-coated particles (Dynabeads® MyOneTM Streptavidin C1, Invitrogen) according to the manufacturer's instructions. Four different HybOligos were designed: Hyb3A (Biotin -5′ ggT ACA gAT CTT ggT TAg TTA gTT A 3′) and Hyb3B (Biotin -5′ CAA AAA ACC CCT CAA gAC CCg TTT A 3′) binding to the 3′ untranslated region (UTR) of the RNA template, as well as Hyb5A (5′ AAA gTT AAA CAA AAT TAT TTC TAg A 3′ -Biotin) and Hyb5B (5′ ATT ATT TCT AgA ggg AAA CCg TTg T 3′ -Biotin) binding to the 5′UTR of the RNA template. Additionally, Hyb3A and Hyb5A were flanked by an oligoĲdT) 15 spacer at their site of biotinylation to enhance the distance between the magnetizable particle and the site of hybridization. RNA Immobilization to functionalized magnetic particles was evaluated applying a number of different conditions (incubation temperatures and times, HybOligos). Various particles (Dynabeads® Streptavidin Trial Kit, Invitrogen) were analyzed for applicability in the microfluidic TRITT platform.
RNA loaded particles were washed: different washing solutions (low salt buffers), volumes, times and repetitions of washing were tested. Elution was performed at 70°C for 2 min using different elution solutions (water or low salt buffers). Elution leads to denaturation of the hydrogen bonds formed between the HybOligo and the RNA template, releasing the RNA from the particles, but the procedure cannot disrupt the interaction between streptavidin and biotin. The midpoint temperature of thermally induced denaturation of streptavidin is dependent on the saturation with biotin and ranges from 75°C to 112°C. 37 At least one binding site of streptavidin is occupied with a Biotin-HybOligo. Thus the HybOligos were not removed from the particles by the elution procedure. This was additionally experimentally verified (data not shown).
Results and discussion
Design of the magnetic device for separation and transfer of the magnetizable particles and bound molecules
The core of a modular reactor system is a linkage of the reaction compartments by transfer of the intermediates. The TRITT platform presented here allows transfer of the productof transcription (mRNA) from the transcription to the translation compartment where it serves as template for protein synthesis. This mRNA transfer is realized by magnetizable particles. A special functionalization allows immobilization of the mRNA. Particle separation and transfer is realized by movement of an external permanent magnet. The permanent magnet is moved by a xyz-positioning system (Fig. S2 †) . The z-lifting enables the combination of the strong volumetric magnetic fields and forces of permanent magnets with the ability to vary the magnetic forces on the particles in the microfluidic structure. Furthermore, the magnetic field was focused with the help of a cone-shaped add-on piece allowing the application of a large permanent magnet with a high magnetic adhesive force and simultaneous focused field lines resulting in a small particle cluster. The magnetic flux densities around the magnetic devices were simulated using a commercial Finite-Element-Method-Software (3D simulation in Fig. 3A ). The cover plate sealing the microfluidic patterns is thin to decrease the distance to the magnet and thereby enhance the local magnetic field gradient. Fig. 3B shows different particle configurations corresponding to different positions of the magnetic device. As seen in the left picture of the microfluidic washing and elution compartment (Fig. 3B) , the particles can be captured at the wall facilitating fluid exchange. Moreover, by adjustment of the distance between the magnetic device and the particles (z-lifting), the particles in a microfluidic chamber can either be collected in a small cluster for transfer (approx. 700 μm) or can be dispersed for immobilization (approx. 2 cm) (Fig. 3B ).
Surface modification of the microfluidic structures for manipulation of wettability and interaction with particles
On the one hand the magnetic actuated transfer of the magnetizable particles requires liquid media. On the other hand the diffusion between the individual reaction mixtures and solutions has to be limited. Various liquid separation media such as tetradecane were tested, but were incompatible with the cell-free reactions or the immobilization procedure (data not shown). Therefore air was used as separation medium, and particle transfer was realized as follows: the particles were transferred in a liquid medium (for instance TK mixture), the liquid was then drawn back, and the particles were resuspended in the new solution (for instance washing buffer). However, repeated pumping in the micro-milled microfluidic COC structures led to uncontrolled flow behavior and incomplete filling of microfluidic chambers (Fig. 4B) . Trapped air bubbles arose and hindered magnetic actuated particle transfer. Furthermore particles adhered to the COC surface (Fig. 4C) . Accordingly, the surface properties -surface charge, roughness and surface tension -of the microfluidic walls were changed to manipulate wettability and the interaction with particles. In detail, the micro-milled COC surface was modified by a coating with a fluoro-acrylate-polymer. Fluoro-acrylate-polymers are usually applied in electronics and are here effectively applied in the new field of microfluidics. Fluoro-acrylate-polymer coating leads to a more hydrophobic surface (Fig. 4A ) and allows pumping with repeated defined fluid flow (Fig. 4B) . Additionally, the adherence of the particles to the microfluidic surface is decreased by the fluoro-acrylate-polymer coating (Fig. 4C ).
Design and optimization of mRNA immobilization
The special RNA template without polyA tail, which is stabilized against ribonuclease digestion by optimized hairpin structures at the 3′ and 5′ end, has to be immobilized to the magnetizable particles for magnetic actuated RNA transfer.
Therefore the streptavidin coated particles were coupled with newly designed biotinylated hybridization oligonucleotides (HybOligos) hybridizing with the constant region of the mRNA. Four HybOligos hybridizing either to the 5′ end (Hyb5A, Hyb5B) or to the 3′ end (Hyb3A, Hyb3B) of the RNA were designed based on the secondary structure of the RNA template. The biotinylation rate was determined as approximately 95% and was quiet similar for the different HybOligos The magnetic device allows manipulation of the magnetizable particles. As seen in the photographs of the particles (brown) in the microfluidic structures, different particle configurations can be achieved by movement of the magnetic device. The add-on piece allows formation of a small particle cluster for transfer as well as fixation of particles at the channel's wall enabling fluid exchange. Alteration of the distance between the particles and the magnetic device leads to dispersed (approx. 2 cm) and aggregated particles (approx. 700 μm), respectively. An electron micrograph of magnetizable particles is depicted on the right hand side. within the limits of experimental fluctuations (data not shown) allowing comparison of HybOligos without a correction factor. The dependence of the mRNA binding capacity on the utilized HybOligo was investigated to identify the best HybOligo. The results were dependent on the time of hybridization: either hybridization of HybOligo and mRNA during TK (Fig. 5B) or hybridization after TK with purified mRNA (Fig. 5A) . One reason for this result could be the different conformation of the mRNA while binding. During transcription HybOligos can hybridize to still synthesized and unfolded mRNA. In contrast, following transcription HybOligos hybridize with mRNA with secondary structure. However, the highest binding capacities were always detected for Hyb3A binding outside a hairpin loop of the mRNA and the lowest were detected for Hyb3B binding completely inside a hairpin loop ( Fig. 5A and B ). Hyb5A and Hyb5B bind partially inside and partially outside a hairpin loop. For binding inside a hairpin loop the complementary sequence on the mRNA competes with the oligonucleotide for the site of hybridization resulting in lower binding efficiencies. During transcription, the site of hybridization for Hyb5A is synthesized first and the complementary sequence on the mRNA afterwards. In contrast, the complementary sequence to the site of hybridization of Hyb5B is synthesized first and afterwards the site of hybridization. This might be a reason for higher hybridization rates for Hyb5A than for Hyb5B during transcription (Fig. 5B) . A benefit of the HybOligos binding to the 3′ end is that they would not remove incomplete transcripts still bound to the TK machinery since mRNA is synthesized from the 5′ end to the 3′ end. In conclusion Hyb3A was the most efficient HybOligo. Neither free HybOligos nor high amounts of functionalized particles (0.8 mg particles in 25 μL TK) inhibited in vitro transcription (data not shown) allowing immobilization during TK. Repeated reuse of the particles for immobilization during TK did not inhibit in vitro TK (Fig. 5C ) indicating that the non-specific binding is low: the particles do not remove the transcription machinery. The reuse of the beads is essential to minimize costs.
Different surface densities of HybOligos on the particles led to different efficiencies for mRNA immobilization. The more HybOligo nucleotides were coupled to the particles, the more mRNA was immobilized in general. However, a maximum concentration of approximately 350 pmol HybOligos per gram particles (Dynabeads® MyOneTM Streptavidin T1) was observed. If the particles were loaded completely with HybOligos, less mRNA is immobilized (data not shown). Similar effects were previously observed. [38] [39] [40] To reduce this effect of steric hindrance and to improve the mRNA immobilization efficiency, the HybOligos were modified with oligoĲdT) 15 spacer. The efficiency of immobilization was improved compared to the same HybOligo without the spacer modification (Fig. 5A) , and no steric hindrance was observed for complete loading with HybOligos. It was previously observed that the application of spacers can lead to higher hybridization rates. [41] [42] [43] [44] In addition to the immobilization molecules, also the particles were selected from four variants differing in size, charge, iron oxide content and material. None of the particles inhibited in vitro transcription or in vitro translation in a concentration of approximately 0.1 mg particles per 20 μL reaction volume. "Dynabeads® MyOneTM Streptavidin C1" have a higher iron oxide content and adhere less to the channel surface than other particles. Therefore they were best suited for the transfer process. Moreover, they showed the highest binding capacity for HybOligos and mRNA compared to the other particles (data not shown).
Altogether the optimal particle-HybOligo combination for mRNA immobilization is C1 particles with Hyb3A-15T as they showed the highest binding capacities.
Since the immobilization molecules hybridize to the constant region of the mRNA, the immobilization and transfer process is potentially applicable for RNA templates encoding all types of proteins. The process was successfully applied for immobilization and transfer of RNA encoding eYFP, luciferase and Pierisin. Besides the RNA transcribed from PCR templates, RNA transcribed from pIX3.0 plasmids was also successfully immobilized and transferred using the functionalized particles. The use of linearized plasmids for transcription leads to improved RNA immobilization efficiencies compared to circular plasmids. If the polymerase skips its terminator sequence, transcription is terminated by DNA secondary structures or by reaching the terminator sequence again or by reaching the end of linear DNA templates. Therefore, a mixture of normally sized RNA as well as longer RNA is synthesized form circular plasmids. In contrast, only normally sized RNA is synthesized form plasmids linearized a few base pairs downstream of the terminator sequence. Immobilization capacity is inversely related to molecule size which might be due to steric hindrance.
RNA immobilization behavior was characterized for an appropriate design of the parameters in the microfluidic TRITT platform. For instance, kinetics of mRNA immobilization and the influence of the amount of particles and mRNA on mRNA immobilization to the particles were studied. Depending on the current amount of RNA in the TK mixture, approximately 1000-1800 ng mRNA can be immobilized by incubation of 0.15 mg of functionalized particles in TK mixture for 20 minutes. Thus, it is required to repeat the mRNA immobilization and transfer procedure at least 3-6 times to provide sufficient mRNA for a 25 μL TL reaction. Based on these results, the transcription compartment was divided into three chambers. Immobilization of mRNA is independently possible in all these chambers. The beads of the first chamber can be eluted at first and transferred back to the chamber -followed by elution of the beads of the second chamber and the beads of the third chamber. In this manner there is sufficient time for immobilization of mRNA to the individual bead batch prior to its transfer and elution and the entire procedure can be performed sequentially in the three chambers. As a consequence, mRNA transfer is quasi-continuous, and there is no latency due to the immobilization process.
In vitro translation of RNA with and without internal ribosome entry site elements in the presence of free HybOligos An essential prerequisite for the application of the immobilization and transfer procedure described above is the demonstration of translation of the transferred mRNA. For reasons of simplicity of the design of the microfluidic TRITT platform, it was first evaluated whether the immobilized mRNA can be used directly for translation. It is well known that short oligonucleotides complementary to the mRNA can inhibit TL by physically preventing or inhibiting progression of the translational machinery. [45] [46] [47] Various mechanisms of action for translational inhibition are possible, such as for instance CAP initiation inhibition (inhibition of ribosome attachment), inhibition of ribosome transit to the initiation sequence or ribosomal unit joining inhibition. 47 Thus, it was initially investigated whether free HybOligos inhibit in vitro translation. In vitro translation in the presence of HybOligos (in excess to the RNA) led to lower protein yields compared to a reference translation without oligonucleotides. However, Hyb3B inhibited translation only slightly. One reason might be the low hybridization efficiency of this oligonucleotide (see Fig. 5 ), and as a consequence the improved ribosome transit or background translation of free mRNA. Another reason might be the binding of Hyb3B inside a double stranded hairpin structure of the RNA, which does not result in a new double strand by hybridization. For clarification, translation was additionally investigated for immobilized mRNA excluding the presence of free mRNA (see below). Hyb5A was obviously the most efficient inhibitor of translation. One reason could be that Hyb5A hybridizes at the 5′ UTR in proximity to the translational initiation codon (17 bp upstream of the initiation codon). Hybridization oligonucleotides with sequences in proximity to the translation initiation codon are frequently very efficient translational inhibitors. 45, 47 To solve the potential problem of inhibition of the promotion of translation (ribosome attachment and transit to initiation sequence) by HybOligo hybridization to the 5′ end of the mRNA, the IRES element KSHV252Ĳ+s) and alternatively the IRES element KSHV252Ĳ−s) was introduced at the 5′ untranslated region of the RNA. IRES elements were previously applied for CFPS. 48, 49 In this study, the introduced IRES element increases the distance to the translation initiation codon and more importantly, IRES elements are alternative ribosomal binding sites and can mediate translation initiation independent of the 5′CAP. Thus attachment and transition of the ribosome can occur downstream of the hybridization sites for Hyb5A and Hyb5B. TL of the RNA harboring an IRES element resulted in decreased eYFP yields compared to TL of RNA without IRES element. However, eYFP synthesis was slightly increased in the presence of free HybOligosespecially in the presence of Hyb5A -compared to TL without HybOligos. This might be explained as follows: the IRESdependent translation was inhibited in the presence of the CAP. Binding of the HybOligos inhibits the CAP-dependent translation and thereby improves the IRES-dependent translation. IRES-dependent translation was not affected by HybOligo binding. Thus, immobilization of IRES-mRNA without CAPs via Hyb5A/5B could allow efficient solid-phase translation.
In vitro translation of eluted RNA or immobilized RNA For translation of immobilized mRNA, the mRNA-HybOligoparticles were previously washed with a buffer with an ionic milieu similar to the translation mixture (2.5 mM Mg 2+ , 125 mM K + ) for conditioning and removal of unbound mRNA.
The particles with immobilized mRNA were subsequently used for TL. As depicted in Fig. 6 high amounts of (non-functionalized) particles inhibited in vitro translation of free mRNA. In contrast, smaller amounts of particles did not inhibit translation. However, the obtained eYFP yield was higher than in the no template control and comparison with TL of immobilized mRNA is possible. The amount of functional eYFP synthesized by TL of immobilized mRNA was in the range of the no template control. Only one exception was observed: the use of Hyb3B-C1 particles resulted in eYFP signal intensities in the range of the references intensities (TL of free mRNA in the presence of non-functionalized particles). This might indicate that translation of mRNA immobilized to Hyb3B is indeed not inhibited by the hybridization of the oligonucleotide. However, the large amount of particles is required for transfer of sufficient mRNA for efficienttranslation, but inhibits translation. Probably another solid support would have sufficient mRNA binding capacities and would therefore allow efficient IRES-mediated translation of immobilized mRNA.
In vitro translation was additionally performed with free mRNA eluted from the particles. Initially mRNA carrying particles were washed with a low-salt washing buffer (50 mM KCl), subsequently the particles were incubated for 2 min at 70°C in an elution buffer (30 mM HEPES, pH 7.5) for mRNA elution. The resulting eluate was applied for TL. Functional eYFP yields comparable to the range of the reference TL of free mRNA purified with DyeEx columns were reached. Since the eluate from a large amount of particles does not inhibit TL, it can be assumed that no HybOligos were removed from the particles by elution since they would inhibit translation.
Optimization of washing and elution procedure
A washing and elution procedure was implemented in the microfluidic TRITT platform since efficient translation still requires free RNA templates. Washing was performed to remove residuals of the TK mix such as RNA polymerase, non-bound nucleotides and magnesium ions (lower magnesium concentration in TL than in TK) and to down-regulate the ion concentration for improved elution conditions (less stringent conditions than for hybridization). Throughout the entire procedure, it was ensured that the washing step does not remove the mRNA. Furthermore, the washing and elution solution had to be adapted for prevention of aggregation of the particles, since the zeta-potential of the particles is dependent on the surrounding media (compare Fig. 3B and  4D ). All washing and elution conditions were adapted for these special requirements.
Repeated washing with 0.05 mM Mg 2+ solution led to highest efficiencies for the following elution step. Lower cation concentrations did not shield the negative charged phosphates at the nucleic acids strands resulting in strong repulsion forces and dehybridization. Higher cation concentrations led to decreased elution efficiencies in the following elution step since a little washing solution remained on the particle's surface and the cations stabilized the double strands. Elution was most efficient in a separate non-ionic buffer without stabilizing cations and at a temperature above the melting point of the RNA-DNA hybrids (70°C). In detail, all mRNA theoretically bound to the particles, was eluted by the described elution procedure (Fig. 7B) . The functionalized particles were repeatedly reused for immobilization during in vitro TK, resulting in similar quantities for each run of immobilization (Fig. 5C ). This indicates that the HybOligos were not removed by the washing and elution procedure. Neither Streptavidin was denatured nor was the streptavidin-biotin interaction broken.
On-chip in vitro transcription, immobilization, transfer and elution of eYFP-mRNA
To enable automated CFPS using the novel TRITT mode, the mRNA immobilization and transfer procedure was implemented into a microfluidic device. The microfluidic components required for fluid handling, heat transfer and magnetic actuated particle transfer were developed and combined into a working system.
All materials and components required for the device assembly were previously tested for their biocompatibility within the individual CFPS reaction steps. IR thermography and biological experiments revealed that heating pads with heat spreaders were able to set the desired process temperature homogenously over a large chamber: similar eYFPmRNA yields were reached for TK in reaction vessels in a thermo cycler and for TK in a compartment of a microfluidic device with a temperature controlled thermal resistor (data not shown). Furthermore, no degradation or hydrolysis of mRNA was observed in the TK mixture in a microfluidic device for more than 19 h of incubation (Fig. 7A) , allowing mRNA production and transfer for at least 19 h and indicating a RNase free production of the microfluidic device.
Moreover, the whole procedure, including mRNA immobilization to magnetizable particles during transcription, magnetic actuated particle transfer, particle washing, mRNA elution and mRNA transfer to the translation compartment, was successfully implemented into a microfluidic device: within the limits of experimental fluctuations, the same amount of eYFP-mRNA was immobilized and eluted on-chip and in reaction vessels (Fig. 7B) , indicating that all steps were successfully performed and the de novo synthesized mRNA did not stick to the channel or tubing surface.
On-chip in vitro TK, immobilization, transfer and elution of Pierisin-mRNA and on-chip cell-free synthesis of Pierisin Expression of cytotoxic proteins is one of the most promising applications of cell-free protein synthesis, since this is hardy feasible using cell-based expression systems. For instance, the coupling of antibodies with apoptosis-inducing proteins is applicable for combatting cancer, and the characterization of toxins is important for the development of tests for food monitoring. 17, 50 Another application for CFPS is the incorporation of non-canonical amino acids enabling the production of proteins with new biochemical characteristics.
To demonstrate the applicability in these fields, the microfluidic device was applied for cell-free production of the cytotoxic protein Pierisin (Fig. 8) . Thereby, Pierisin was fluorescently labeled by statistical incorporation of the non-canonical amino acid Bodipy-TMR-lysine (boron-dipyrromethene) during in vitro TL. Initially, the Pierisin-mRNA was synthesized, immobilized and transferred inside the microfluidic TRITTplatform. Analysis of this mRNA by agarose gel electrophoresis and quantification confirmed intactness and correct size of the Pierisin-mRNA and verified that sufficient mRNA was isolated and transferred for subsequent in vitro translation (data not shown). On-chip transcription led to similar Pierisin-RNA yields as compared to transcription in regular reaction vessels. The mRNA isolated using the microfluidic platform was applied for in vitro translation. Pierisin was either expressed in a translation chamber of the microfluidic platform or in a normal reaction vessel. In all the cases Pierisin was successfully synthesized: Pierisin-bands appeared at the expected size in the SDS-PAGE gel (Fig. 8A) and the apoptosis-inducing activity was experimentally verified by exposure of HeLa cells to the synthesized proteins (Fig. 8B ): Pierisin had a cytotoxic effect and caused morphological changes in HeLa cells. Further, the incorporation of the non-canonical amino acid was proved by fluorescence analysis of the SDS-PAGE gel: similar patterns were detected for Fig. 7 In vitro transcription, RNA-Immobilization, -transfer andelution in the microfluidic TRITT platform. (A) In vitro synthesis of eYFP-mRNA in the TK chambers of the microfluidic device. There is no degradation or hydrolysis of mRNA for more than 19 h of incubation, thus allowing mRNA production and transfer for at least 19 h. (B) eYFP-mRNA was synthesized and immobilized to ≈0.1 mg magnetizable particles in the TK chamber of the TRITT device. Following magnetic actuated particle transfer to the washing chamber, mRNAcarrying particles were washed with 0.5 mM Mg 2+ solution. Finally, mRNA was removed from the particles by temperature (70°C) and low salt driven (water) elution in the elution chamber of the TRITT device.
As a reference, all steps were performed manually in a reaction vessel. mRNA concentration was determined spectrometrically. Bodipy-TMR-lysine labeled and 14 C-leucine labeled proteins (Fig. 8A) . All experiments were performed in a semi-automated manner: the fluids flow was induced by the syringe pumps and the magnetic particles were transferred with the magnetic device -both processes were software-controlled using predefined program steps. Modification of the standard program flow was necessary to compensate remaining wetting problems due to changing surface conditions.
Conclusions
A new procedure to immobilize and transfer RNA templates for CFPS was developed and all processes required for automated CFPS, including mRNA immobilization to magnetizable particles during TK, magnetic actuated particle transfer, particle washing, mRNA elution, mRNA transfer to the TL compartment and TL, were successfully implemented into a microfluidic device. mRNA eluted from the particles was successfully used for in vitro translation and the particles were reusable for additional steps of mRNA immobilization. The preconditions for automated cell-free protein synthesis in modular microfluidic reactor systems were thereby fulfilled. The developed procedure enables a new reaction modecalled TRITT mode: mRNA is removed from the transcription mixture without inhibition of the transcription reaction and the mRNA can be transferred to the translation compartment and can be efficiently translated while mRNA is synthesized continuously in the transcription compartment. This saves valuable user time as in a coupled system while allowing optimal conditions for TK and TL like in the linked system, combining these advantages. Further integration of dialysis membranes, microelectronics or micro optical sensors and actuators might allow measurement and regulation of relevant reaction parameters for optimal reaction conditions allowing longer reaction times, higher yields and improved amounts of functional proteins. For example dialysis systems yield 1.2 mg protein per mL in 14 h having the limitation of RNA degradation in TL mixture. 30 A combination with the TRITT mode would enable automated feeding of RNA reducing this limitation. Moreover, the TRITT mode facilitates further fields of applications such as transcription of different DNA templates and combination of the generated RNA templates in desired amounts for synthesis of different subunits of a protein in a single TL system. A broad spectrum of applications of the presented microfluidic TRITT platform was demonstrated: PCR products as well as plasmids were provided as DNA templates, and RNA templates encoding various proteins (eYFP, Luciferase, Pierisin) were synthesized, immobilized and transferred using the TRITT mode method. In vitro translation of eYFP and Pierisin and the simultaneous incorporation of noncanonical amino acids were performed in the TL compartment. The applicability to the production of toxic proteins and to incorporation of new biochemical features was thereby confirmed.
In summary, the novel microfluidic TRITT platform enables for the first time CFPS with quasi-continuous mRNA transfer under continuously optimal conditions simultaneously for in vitro transcription and translation, to the best of the knowledge of the authors. The realized RNA transfer process on the platform is superior to conventional RNA purification methods since it is simpler to automatize and does not terminate transcription. Moreover, quasi-continuous transfer of synthesized mRNA can overcome problems of CFPS due to RNA hydrolysis and degradation. The ability of Fig. 8 Cell-free synthesis of the cytotoxic protein Pierisin labeled with the artificial amino acid Bodipy-TMR-lysine using the microfluidic TRITT platform. (A) All the translation reactions were performed in the presence of Bodipy-TMR-lysine for fluorescence labeling. Two references were additionally radioactively labeled with 14 C-leucine. Following gel electrophoresis, the labeled synthesized proteins were visualized by autoradiography and fluorescence analysis (excitation: 532 nm, emission: BP 580 nm) using the Typhoon Trio + Imager (GE Healthcare). Although less mRNA was provided for TL of the transferred TRITT-mRNA, Pierisin (97.9 kDa) was successfully expressed using the TRITT-mRNA and in the TL chamber of the microfluidic device. Bodipy labeling was successful and the detected bands in the SDS-PAGE gel are comparable to the bands visualized by 14 C labeling. (B) Cytotoxic activity of Pierisin: HeLa cells were cultured to near confluency and 4 μL of the respective translation mixtures were added to 100 μL of cell culture medium. Following 48 h of incubation, the cells were analyzed by microscopy. Cell-free synthesized Pierisintranslated from microfluidic separated mRNA and cell-free synthesized in a normal reaction vessel or in the TL chamber of the TRITT platform -is active and causes morphological changes in HeLa cells. Cell death is not induced by the no template control (NTC).
